Color vision in honey bees (Apis
Introduction
Honey bees perceive light from 300 to 650 nm (von Frisch, 1914; Kühn and Pohl, 1921; Kühn, 1927) and possess trichromatic color vision (Daumer, 1956) . Three photoreceptor types can be found in the bee retina, with absorption peaks at 344 nm (S type), 436 nm (M type), and 544 nm (L type) (for review, see Menzel and Backhaus, 1991; Dyer et al., 2011; Avarguès-Weber et al., 2012) . Color information from the retina is further processed in the bee brain by different classes of color opponent neurons (Kien and Menzel, 1977; Riehle, 1981; Yang et al., 2004) , which antagonize inputs from the different receptor types and constitute the basis for bees' color vision (Backhaus, 1991; Menzel and Backhaus, 1991) .
The first visual neuropil in the bee brain, the lamina, receives input essentially from L photoreceptors (Menzel, 1974; Ribi, 1975; Meyer, 1984) . Axons of the principal laminaoutput neurons (lamina monopolar cells), as well as of M and S photoreceptors, proceed to the second visual neuropil, the medulla (Ribi and Scheel, 1981; Meyer, 1984) , where coloropponent neurons have been found (Kien and Menzel, 1977; Yang et al., 2004) . Chromatic properties of medulla neurons are preserved and amplified downstream, especially in the third visual neuropil, the lobula, which also contains many coloropponent neurons (Hertel, 1980; Yang et al., 2004; Paulk et al., 2008) . Inner-layer lobula and medulla neurons, which are more likely to exhibit color-opponent responses, send projections to the mushroom bodies and to the anterior lateral protocerebrum (Mobbs, 1982; Gronenberg, 1986; Paulk and Gronenberg, 2008; Paulk et al., 2008 Paulk et al., , 2009a .
Little is known about how chromatic information is processed in the anterior lateral protocerebrum of bees. "Optic glomeruli" found in the lateral protocerebrum of flies are thought to process visual information conveyed by the optic lobes (Okamura and Strausfeld, 2007; Strausfeld et al., 2007) . The most prominent of these glomeruli is the anterior optic tubercle (AOTu), whose organization and neural connectivity was recently described in bees (Mota et al., 2011; Pfeiffer and Kinoshita, 2012) . A small subunit of the AOTu is involved in the processing of polarized light in locusts for navigation purposes (Homberg et al., 2003; Pfeiffer et al., 2005) , but the exact functions of the entire AOTu remain unknown. Recent identification of lobula-AOTu color-sensitive neurons in bumblebees (Paulk et al. 2008 (Paulk et al. , 2009a ) and reports on color-specific responses of AOTu interneurons in locusts (Kinoshita et al., 2007, Pfeiffer and suggest that this structure may be involved in chromatic processing. This processing may contribute to a chromatic navigation compass allowing differentiation between the sun as a green-light source and the antisolar hemisphere perceived through modulations of ultraviolet (UV) light (Rossel and Wehner, 1984) . However, the nature and function of chromatic processing in the AOTu remain unknown.
Here we analyzed the spectral properties of AOTu interneurons in honey bees and the possible involvement of this structure in chromatic processing. To this end, we performed in vivo calcium imaging upon visual stimulation, a technique that enables measuring AOTu responses at the neural assembly level (Mota et al., 2011) . We show that stimulations with distinct monochromatic lights and chromatic mixtures induce different signal amplitudes, temporal dynamics in the honeybee AOTu and that spatial activity patterns are different for UV and blue light, thus revealing intricate spectral properties and chromatic processing in this brain structure.
Materials and Methods
Animals. Worker honey bees (Apis mellifera) were collected from an outdoor hive and brought to the laboratory where they were placed in small glass vials and cooled on ice until they ceased movements.
Calcium imaging preparation. For in vivo optophysiological recordings (Joerges et al., 1997; Sachse and Galizia, 2002; Deisig et al., 2010) , bees were harnessed individually in an opaque plastic chamber (Mota et al., 2011; see Fig. 1 F) . To stabilize the preparation, the head, thorax, legs, and wings were immobilized with low-temperature melting wax. The antennae were fixed using n-eicosan (Aldrich). The head capsule was then opened frontally, salivary glands and a small part of the tracheal sheath around the brain were removed, and the brain was exposed. For imaging neural activity of intertubercle neurons (Mota et al., 2011 ; Fig. 1 A) , the calcium indicator fura-2 dextran (potassium salt, 10,000 kDa, Invitrogen) was introduced into the left AOTu (contralateral to visual stimulation). To allow subsequent evaluation of intertubercle neuronal staining, fura-2 dextran was coinjected with tetramethyl rhodamine dextran (10,000 kDa, Invitrogen). Three borosilicate thin-walled glass electrodes coated with crystals of the tracer blend were consecutively inserted into the dorsal, medial, and ventral parts of the left AOTu (Fig. 1 A) . The tracers migrated retrogradely to the right AOTu (ipsilateral to visual stimulation) within axons of the ventral (vITT) and medial (mITT) intertubercle neurons ( Fig. 1 A, C-E) . This allowed measuring calcium concentration changes in the dendrites of this population of intertubercle neurons in the right AOTu, when the right eye of the bee was stimulated with chromatic stimuli (Fig. 1 F, G) . After injections, the head capsule was closed with the original piece of head cuticle and sealed with n-eicosan. Animals were then fed with 50% (w/w) sucrose solution and kept alive in a moist chamber for 18 h to allow calcium-indicator uptake and retrograde transport to the AOTu on the recording side (Fig. 1 A) .
The preparation was then finalized to allow in vivo calcium imaging recordings. First, the mouthparts of the bee were immobilized with wax. Then, small pieces of black plastic foil were waxed to the head (Fig. 1 F) and the remaining gaps were closed with epoxy glue (Red Araldite; Bostik Findley S.A.) mixed with organic black pigment (Noir de Vigne; Frère Nordin S.A.). These plastic barriers created a small pool around the brain region, which could be kept under saline at all times, and also optically isolated the compound eye on the stimulated side (Fig. 1 F, G) . The opaque plastic barriers ensured that visual stimuli did not interfere with the imaging CCD camera and, at the same time, that the imaging light of the microscope did not stimulate the eyes. The eye on the injection side (contralateral to visual stimulations) was painted with black epoxy (Fig.  1G) . Last, the small window in the head capsule (Fig. 1G ) was reopened and the brain immersed in saline solution containing the following (in mmol ⅐ l Ϫ1 ): 130 NaCl, 6 KCl, 4 MgCl 2 , 5 CaCl 2 , 160 sucrose, 25 glucose, 10 HEPES, pH 6.7, 500 mOsmol (all chemicals from Sigma-Aldrich).
Visual stimulation. Spectral stimuli (Fig. 1G) were produced by square arrays (2.5 ϫ 2.5 cm) of 25 light-emitting diodes (LEDs) presented laterally to the bees' right eye (recording side). In a first experiment, we aimed at measuring response properties and activation patterns in the AOTu upon stimulation with monochromatic lights matching the sensitivity maxima of the three photoreceptor types of the honey bee retina (Peitsch et al., 1992) . We used three different monochromatic LED arrays (see Fig. 2 A) with peak wavelengths of 350, 435, and 565 nm (UV 0.3-15, Blue 30M32, and Green 383UGC; all LEDs from Roithner Lasertechnik). The three LED arrays were presented in the same lateral position, at a distance of 4 cm from the stimulated eye, so that each array had an angular subtense at the bee eye of 34.7°, both in the vertical and horizontal directions (Fig. 1G) . In each array, all LEDs were connected to individual resistors to allow fine calibration of light intensity. We thus presented isoluminant stimuli with an irradiance of 7.6 ϫ 10 6 photon counts/cm 2 /s at the level of the bee eye, which we measured using a fixed grating spectrometer (Ocean Optics S2000) calibrated with a DT1000 mini light source (200 -1100 nm) and equipped with a R400 -7 UV/VIS optical fiber (Ocean Optics). All light stimulations lasted 2 s.
In a second experiment, we aimed at comparing activity patterns in the AOTu evoked by: (1) the same chromatic stimuli when presented at different photon flux intensities and (2) different blue-green chromatic mixtures and their single (blue or green) monochromatic components. To this end, we used an LED array allowing high-level excitation of the M (blue) photoreceptor alone, of the L photoreceptor alone (green), or of both M and L photoreceptors at the same time. We adapted commercial trichromatic RGB LEDs, using only the blue and green wavelengths available (peak wavelengths: 430 and 565 nm; RGB-LF5WAEMBGMBW; Kingbright Electronic). While the spectrum of the green LED was identical to that used in the previous experiment, the spectrum of the blue LED was broader and slightly shifted toward shorter wavelengths. However, the difference in predicted M-receptor activation was minimal (Peitsch et al., 1992) . For such dual-wavelength LEDs in the array, the blue source and the green source could be turned on or off separately. Moreover, each source was connected to a different resistor, thus allowing separate calibration of light emission at each wavelength. In this manner, we produced eight different visual stimuli (see Fig. 4 A; (1) monochromatic dim blue ( ϭ 430 nm; 3.8 ϫ 10 6 photon counts/cm 2 /s), (2) monochromatic bright blue ( ϭ 430 nm; 7.6 ϫ 10 6 photon counts/ cm 2 /s), (3) monochromatic dim green ( ϭ 565 nm; 3.8 ϫ 10 6 photon counts/cm 2 /s), (4) monochromatic bright green ( ϭ 565 nm; 7.6 ϫ 10 6 photon counts/cm 2 /s), (5) mixture of dim blue and dim green, (6) mixture of bright blue and bright green, (7) mixture of bright blue and dim green, and (8) mixture of dim blue and bright green. When stimulating with a mixture, intensity of the blue and of the green LED was added so that mixtures always provided more photon counts/cm 2 /s than single components.
Recordings of visually evoked activity. Calcium imaging recordings were performed in standard conditions (Deisig et al., 2010; Mota et al., 2011) using a TILL photonics imaging system. Bees previously injected with fura-2 dextran were placed under an epifluorescent microscope with a 20ϫ water-immersion objective (NA 0.5) immersed in the saline solution covering the brain (Fig. 1G ). Brain movements were reduced by gently squeezing the bee's abdomen with soft modeling clay. The AOTu on the stimulation side was imaged ( Fig. 1 A-E ). Images were taken using a 640 ϫ 480 pixel 12-bit monochrome CCD-camera (TILL Imago) cooled to Ϫ12°C. Each measurement consisted of 60 frames at a rate of 5 Hz (interval between frames 200 ms). A monochromatic excitation light alternating between 340 and 380 nm was applied using a monochromator (TILL Polychrom IV). Imaging excitation light was shut off between frames. The filter set on the microscope was composed of a 490 nm dichroic filter and a bandpass (BP 50 nm) 525 nm emission filter. The integration time was 6 -40 ms for 380 nm stimulation and 18 -160 ms for 340 nm stimulation. Pixel image size corresponded to 2.4 ϫ 2.4 m after 4 ϫ 4 binning on chip.
Visual stimulation using the LED arrays started at the 15th frame and lasted 2 s. Control stimuli consisted in identical recordings without any light presentation. Each bee received three presentations of each visual stimulus and of the control. The order of the stimuli was randomized within and between bees. The minimum interstimulus interval was 1 min, thus avoiding potential adaptation to light stimuli (Paulk et al., 2008) .
Anatomical appraisal of specific neuronal staining. To evaluate specific intertubercle neuronal staining (Mota et al., 2011 ; Fig. 1 A-E), tracerfilled brains were dissected out after successful calcium imaging recordings. Brains were fixed in phosphate-buffered paraformaldehyde solution (4%; pH 6.8) for at least 24 h, dehydrated in ascending concentrations of ethanol, and cleared in methyl salicylate (Sigma-Aldrich) for 24 h. Images of whole mounts were taken with a confocal laser scanning microscope (Leica SP5) with a DPSS 561 nm laser at 2 m optical section thickness. Projections of the confocal stacks containing neurons stained with tetramethyl rhodamine, as well as brightness and contrast adjustments, were achieved using ImageJ (Rasband; National Institutes of Health, Bethesda, MD). Brain structures are described according to a neural axis in which the mushroom body calyces are dorsal, the antennal lobes ventral and anterior, and the subesophageal ganglion posterior.
Analysis of activity patterns and signal amplitudes. Calcium imaging data were analyzed using custom-made software written in IDL 6.4 (Research Systems) and following standard methods (Galizia and Vetter, 2005 , Deisig et al., 2010 , Mota et al., 2011 unless stated otherwise. Fura-2 is a ratiometric dye so that each recording was a 4D array with the excitation wavelength (340 and 380 nm), two spatial dimensions (x, y pixels of the area of interest), and the temporal dimension (60 frames). For calcium signal analysis, each recording was brought to a 3D array by calculating the fluorescence ratio R ϭ F 340nm /F 380nm at each pixel and time point. Then, three steps were performed to calculate the signals. First, relative fluorescence changes were calculated as ⌬R/R ϭ (R Ϫ R 0 )/R 0 , taking as reference background R 0 the average of five frames just before any visual stimulation (here frames 10 -14). Second, to reduce photon noise, raw data were filtered in the temporal and the two spatial dimensions using a Gaussian filter with a size of 3 pixels. Third, a bleach correction was applied. We subtracted a logarithmic curve fitted to the median brightness decay of the entire image frames, excluding the frames during the stimulus until 5 s after stimulus onset. Signal amplitude was calculated between baseline just before the stimulus (average of frames 12-14) and 1 s after stimulus onset (average of frames 19 -21; Fig. 2 B) , when signal in the on-response phase is maximal. Signal amplitude was also calculated between the same baseline (average of frames 12-14) and 600 ms after stimulus offset (average of frames 27-29; Fig. 2 B) , which corresponds to the maximum of the signal whenever an off-response phase occurs. For display, activity signals were lowpass filtered (Gaussian, 13 ϫ 13) and presented in a false-color code, from dark blue (no signal) to red (maximum signal). For quantitative data analysis, signal amplitude at particular points of interest was calculated by averaging 9 ϫ 9 pixels, which corresponds to a ϳ20 ϫ 20 m region.
Neural activity induced by spectral stimuli in the AOTu. To determine which pixels were statistically activated by each visual stimulus, we used a threshold-based method. First, the ratio R ϭ F 340nm /F 380nm at each pixel and time point was calculated. Afterward, ⌬R/R ϭ (R Ϫ R 0 )/R 0 was computed and bleaching was corrected as above. Then, data were lowpass filtered (Gaussian 13 ϫ 13). To quantify the numbers of activated pixels on the AOTu surface only, a mask was precisely drawn close to the borders of the AOTu and only pixels within the delimited region were taken into account in the analysis. To analyze activated pixels in the two AOTu subunits major unit-dorsal lobe (MU-DL) and major unit-ventral lobe (MU-VL) separately, a similar approach was used. One mask was drawn for each subunit, and the analysis was run as above.
A pixel was considered as activated when it fulfilled two criteria: (1) activation amplitude was above noise level (see below) and (2) the pixel was part of a group of at least five activated pixels, to ensure that it revealed coherent neural activity. For each bee, noise was determined as a number of SDs of the signal measured before the stimulus (frames 1-14). Because of differences between bees in the quality of the recordings, a noise threshold was determined for each bee (between 2 and 4 SD) depending on overall signal amplitude. The same threshold was applied to all recordings of the same bee. Using the treatment described here, clear patterns of visually evoked activity could be revealed in the AOTu structure.
Overlap between spectrally specific AOTu activity maps. To test for the existence of spectrally specific activity and coding in the AOTu, we compared the overlap of activated pixels between stimulations with the same or with different chromatic stimuli. Overlap between two visually evoked recordings was calculated as the number of pixels activated in both recordings (intersection) divided by the number of pixels activated in one or the other recording (union). Thus, for two recordings A and B: Over-
Statistical analysis. Friedman tests followed by Wilcoxon matchedpairs tests were used to compare: (1) amplitudes of calcium signals obtained in the AOTu in response to stimulations with different chromatic and control stimuli (Fig. 2C) , (2) numbers of pixels activated in the AOTu or in its subcompartments (MU-DL, MU-VL) by different chromatic stimuli (see Figs. 3 B, C, 5A, 6A), and (3) overlap values obtained with different pairs of chromatic stimuli (Figs. 3E, 6B-E). Pairwise comparisons were performed using Bonferroni corrections for multiple comparisons (␣Ј ϭ 0.05/k with k being the number of comparisons each sample was used for).
Results
We performed optophysiological measurements of visually evoked neural activity at the level of intertubercle neurons ( Fig.  1 A) of honey bees stimulated with chromatic stimuli. The honey bee AOTu is composed of four distinct compartments (Fig. 1 B ; Mota et al., 2011) . MU represents the largest component and is symmetrically subdivided in a ventral and a dorsal lobe (MU-VL and MU-DL, respectively) in its anterior part (Fig. 1C,D) . Toward the posterior end of the MU, the two subcompartments (MU-VL and MU-DL) are fused ( Fig. 1 E) . Two smaller units are situated posterior to the MU ( Fig. 1 E) : the ventrolateral unit (VLU) and the lateral unit (LU). The intertubercle neuronal circuit comprises two distinct parallel pathways (Mota et al., 2011) : the vITT and the mITT ( Fig. 1 A, E ). This population of neurons arborizes in all four AOTu compartments ( Fig. 1C-E) , therefore connecting the entire AOTu structures of both brain hemispheres. Highly reproducible retrograde staining of ITTs' dendritic arborizations in the AOTu can be obtained by injection of a dextran tracer into the contralateral AOTu ( Fig. 1 A, 
C-E).
We thus recorded calcium signals from these neurons in the AOTu (ipsilateral to the stimulation side, contralateral to the dextraninjection side) to determine how they respond to UV, blue, or green monochromatic stimuli (Fig. 1G ). Since we used conventional microscopy, which is best suited for imaging of superficial tissue, calcium signals were mainly recorded from the anterior part of the AOTu, i.e., from the dorsal and ventral lobes of the major unit (MU-DL and MU-VL, respectively; see Fig. 1 B-D), upon lateral presentation of a visual stimulus.
Experiment 1: calcium signals evoked by monochromatic stimuli in the AOTu
All three monochromatic stimuli (UV, blue, and green; Fig. 2 A) elicited calcium signals in the AOTu (N ϭ 13 bees), with clear activation of dendritic arborizations in both lobes of the MU (Fig.  2 B, C) . Although the three stimuli evoked consistent phasictonic time courses (Fig. 2 D) , clear differences could be observed in the temporal dynamics of calcium signals. Signals evoked by UV and blue light typically presented an off-response component, which was absent in responses to green stimulations (Fig.  2 D) . The off-response was most pronounced for blue light, and was characterized by a second peak in the signal after stimulus offset (Fig. 2 D) . For UV stimulations, the off-response was less pronounced and consisted of a slight signal increase after stimulus offset (Fig. 2 D) . Green stimulations generally elicited phasictonic responses with a slow decrease in signal amplitude after stimulus offset (Fig. 2 D) . Figure 2 E shows the average amplitude of calcium responses evoked by UV, blue, and green light during the on-response phase (800 -1200 ms after stimulus onset) and the off-response phase (400 -800 ms after stimulus offset). For all three stimuli, the amplitude of calcium responses was significantly higher than that obtained in control recordings without light (Fig. 2 E . During the on-phase, response amplitude to green light was significantly higher than to UV or blue light (Fig. 2 E; Z Ն 3.11, p Ͻ 0.01), while responses to UV and blue did not differ (Z ϭ 0.24, NS). After stimulus offset, UV-evoked responses retained the same amplitude level (Fig. 2 E; UV, on vs off: Z ϭ 1.08, NS) and blue-evoked response increased significantly (blue, on vs off: Z ϭ 2.56, p Ͻ 0.01) while green-evoked response decreased (green, on vs off: Z ϭ 3.04, p Ͻ 0.01). Consequently, during the off-phase, the amplitudes of signals elicited by UV, blue, and green did not differ (Fig. 2 E; Z Ͻ 1.22, NS). These results reveal specific differences in the temporal dynamics of calcium signals in the AOTu evoked by UV, blue, and green lights.
Spatial distribution of responses to monochromatic stimuli in the AOTu
To analyze the spatial distribution of activation patterns in the AOTu, we focused on pixels that were significantly activated, i.e., whose signal was statistically above noise level. Figure 3A (left) presents maps of activated pixels during the on-response phase in showing arborizations of intertubercle neurons in all distinct AOTu compartments. F, For calcium-imaging recordings, a bee was placed in an opaque recording chamber. The brain area was optically isolated from the compound eye by means of an opaque barrier glued to the bee head with custom black epoxy. G, Spectral stimulation (green light, 565 nm) was produced by a square array (2.5 ϫ 2.5 cm) of 25 LEDs presented laterally to the bees' right eye (recording side). The center of the LED array was placed at a distance of 4 cm from the stimulated eye, so that each array had an angular subtense of 34.7°at the bee eye in both vertical and horizontal directions. an, Anterior; po, posterior; do, dorsal; ve, ventral; la, lateral. the AOTu of one animal upon three stimulations with UV, blue, or green light. These maps help to determine the reproducibility of calcium signals evoked by a given chromatic stimulus and compare AOTu regions activated by two different stimuli. In the first case, density maps were computed in which a color code indicated the number of times each pixel was activated during three stimulations of a given stimulus (Fig. 3A , "density" column). Pixels that were systematically activated by a chromatic stimulus were defined as "reliably activated" and are indicated in white. In the second case, overlay maps were computed in which reliably activated pixels were represented in a different color for each chromatic stimulus (Fig. 3A, " overlay" column). In these maps, coactivated pixels are shown in white.
Quantification of the number of pixels activated by each monochromatic stimulus (Fig. 3B ) gave very similar results as the measure of calcium signal amplitude (Fig. 2 E) . All visual stimuli activated significantly more pixels than the control without any light ( Fig. 3B; 3.18, p Ͻ 0.01 in all cases). As can also be seen in Figure 3A , during the on-phase, green activated more pixels than UV or blue ( Fig. 3B ; Z Ն 3.18, p Ͻ 0.01), while stimulations with UV and blue did not differ (Z ϭ 0.03, NS). After stimulus offset, the number of activated pixels increased for UV and blue ( Fig. 3B ; UV: Z ϭ 2.06, p Ͻ 0.04; blue: Z ϭ 2.97, p Ͻ 0.01), which is consistent with the offset response elicited by these stimuli (Fig.  2 D) . For green, the number of activated pixels decreased after stimulus offset (Z ϭ 3.18, p Ͻ 0.01). As a result, all three stimuli activated a similar number of pixels during the off-phase ( Fig. 3B ; Z Ͻ 0.94, NS). Stimulation of the compound eye with UV, blue, or green light activated both the MU-VL and the MU-DL of the AOTu (Fig. 3A) . However, the numbers of pixels activated by these monochromatic lights were different within MU subunits ( Fig.  3C ; Friedman test, MU-DL: 2 ϭ 20.46, df ϭ 2, p Ͻ 0.001; MU-VL:
2 ϭ 22.15, df ϭ 2, p Ͻ 0.001). In both subunits, green activated more pixels than UV or blue (MU-DL: Z Ն 2.76, p Ͻ 0.01; MU-VL: Z Ն 3.11, p Ͻ 0.01). However, in the dorsal subunit (MU-DL), blue activated more pixels than UV (Z ϭ 2.28, p Ͻ 0.02), while in the ventral one (MU-VL), UV activated more pixels than blue (Z ϭ 3.11, p Ͻ 0.01). Thus, while both subunits respond strongly to green, blue information preferentially activates the MU-DL, while UV information preferentially activates the MU-VL.
To analyze similarity relationships between activity patterns to the different monochromatic stimuli, we calculated overlap indices between maps. For each pair of stimulations, we calculated the proportion of pixels activated by both stimulations, relative to the number of pixels activated by one or the other stimulation (overlap index; see Materials and Methods). A value of 1 indicates a total coincidence between the two activity patterns (all pixels in common), while a value of zero corresponds to a total segregation of activity patterns (no pixel in common). For the 13 animals used in this experiment, the overlap index between different presentations of UV light was not significantly different from the index between different presentations of blue light ( Fig. 3D ; Overlap UV/UV vs Overlap B/B :Z ϭ 0.17, NS). However, the overlap index between UV and blue lights was significantly lower than the two overlap values obtained for different presentations of UV light or different presentations of blue light ( Fig. 3D ; Friedman test: 2 ϭ 11.69, df ϭ 2, p Ͻ 0.01; Overlap UV/B vs Overlap UV/UV :Z ϭ 2.62, p Ͻ 0.01; Overlap UV/B vs Overlap B/B :Z ϭ 2.48, p Ͻ 0.02). This result confirms that stimulations with UV and blue lights induce distinct spatial activity patterns in the AOTu (Fig. 3C) .
Because green was a very strong stimulus for the entire AOTu, it generally induced broad activation maps (Fig. 3A) . Therefore, UV-and blue-evoked patterns tended to be included within green-evoked maps. Consequently, the overlap index between different presentations of UV or of blue light was not significantly different from the overlap between presentations of each of these lights and green light ( Fig. 3E ; Overlap UV/UV vs Overlap UV/G :Z ϭ 1.85, NS; Fig. 3G ; Overlap B/B vs Overlap B/G :Z ϭ 0.87, NS). The overlap between different presentations of green light was significantly higher than the overlap between different presentations of UV light, and higher than the overlap between green and UV lights ( Fig. 3E; Friedman test: 2 ϭ 18.00, df ϭ 2, p Ͻ 0.001; Overlap G/G vs Overlap UV/UV :Z ϭ 3.18, p Ͻ 0.01; Overlap G/G vs Overlap UV/G :Z ϭ 3.04, p Ͻ 0.01). The same effects were found when we analyzed similarity between activation patterns evoked by blue and green ( Fig. 3F ; Friedman test: 2 ϭ 11.69, df ϭ 2, p Ͻ 0.01; Overlap G/G vs Overlap B/B :Z ϭ 2.90, p Ͻ 0.01; Overlap G/G vs Overlap B/G :Z ϭ 3.11, p Ͻ 0.01). These analyses show that UV and blue lights induce significantly different activity patterns within the AOTu, while green light induces broad activity patterns, which in part contain UV and blue patterns.
Experiment 2: effect of light intensity and chromatic mixtures on calcium responses
In the previous experiment we found that isoluminant UV, blue, and green monochromatic lights evoke different signal intensities and temporal dynamics and that UV and blue evoked different activation patterns in the AOTu. Chromatic stimuli in nature, however, do not all have the same luminance and are not composed of a single wavelength, but of combinations of wavelengths in different parts of the spectrum. The next experiment was thus designed to ask how stimulus intensity and chromatic mixtures affect activation patterns in the AOTu. Using blue-green dualwavelength LED arrays, we presented eight different chromatic stimuli to the bees (Fig. 4 , right upper box): dim blue, bright blue, dim green, bright green, dim blue ϩ dim green, bright blue ϩ bright green, bright blue ϩ dim green, dim blue ϩ bright green (see Material and Methods).
All eight stimuli elicited calcium signals in AOTu intertubercle neurons ( Fig. 4; N ϭ 11 bees) . In all cases, the mean amplitude of calcium responses was significantly higher than that of control recordings without any light (data not shown; Friedman test: 2 ϭ 59.85, df ϭ 8, p Ͻ 0.0001; Wilcoxon test: Z Ն 2.85, p Ͻ 0.005 in all cases). Figure 4 shows for one example animal the activation pattern ("signals") evoked by each stimulus, as well as the density map ("density") for the three presentations of each stimulus. The average time course evoked by each of the eight chromatic stimuli is also shown. Independently of stimulus luminance, monochromatic blue stimulations (dim B and bright B) included an off-response phase, which was not observed for monochromatic green (dim G and bright G). Generally, bluegreen mixtures did not show any excitatory off-response phase, except when the mixture contained more blue than green (Fig. 4, bright B ϩ dim G), in which case, a small response increase was seen at stimulus offset.
Effect of light intensity on AOTu activation
The presentation of bright and dim versions of the monochromatic stimuli allowed us to evaluate the effect of light intensity on calcium signals in AOTu intertubercle neurons. The bright stim-4 (Figure legend continued. ) scale indicates their amplitude of activation (⌬R/R). Density maps indicate the reliability of activated pixels as shown by a density scale (density %): colors from dark red to white indicate pixels activated by the one, two, or three presentations of each stimulus. Overlay maps represent reliable pixels activated by the three stimulations of one monochromatic stimulus in one color and the other monochromatic stimulus in another color. Pixels activated by stimulations with both monochromatic stimuli are represented in white. B, Mean number of activated pixels in the AOTu during the on-and the off-response phases for stimulations with UV, blue, or green monochromatic lights and control in 13 bees. C, Mean number of activated pixels in the MU-DL or MU-VL for stimulations with UV, blue, or green light. In both subunits, green activated more pixels than UV or blue. In the MU-DL, blue activated more pixels than UV, while in the MU-VL, UV activated more pixels than blue. D, The overlap index between UV and blue (UV/B) is significantly lower than both overlap values for different presentations of UV (UV/UV) or blue light (B/B). E, The overlap between different presentations of green light (G/G) is significantly higher than the overlap between different presentations of UV light (UV/UV), and higher than the overlap between green and UV (UV/G). F, Likewise, the overlap between different presentations of green light (G/G) is significantly higher than the overlap between different presentations of blue light (B/B), and higher than the overlap between green and blue (B/G). Different letters and asterisks indicate significant differences in Wilcoxon matched-pairs tests (N ϭ 13 bees). do, Dorsal; la, lateral.
uli were calibrated to have twice the photon flux of dim stimuli (see Materials and Methods; Fig. 4 A, right upper box). As expected, signal amplitude and the number of activated pixels were significantly higher for the bright than for the dim stimuli, both for monochromatic blue (amplitude, data not shown Z ϭ 2.58, p Ͻ 0.01; activated pixels: Fig. 5A ; Z ϭ 2.85, p Ͻ 0.01) and green (amplitude, Z ϭ 2.40, p Ͻ 0.02; activated pixels: Z ϭ 2.67, p Ͻ 0.01). Activity patterns evoked by bright stimuli were generally broader than those evoked by dim stimuli, so that the overlap between different presentations of a bright stimulus was significantly higher than between different presentations of a dim stimulus, both for blue light ( Fig. 5B When we analyzed the similarity between dim and bright blue, the overlap between presentations of these stimuli was significantly lower than that between different presentations of bright blue ( Fig. 5B ; Overlap Di/Br vs Overlap Br/Br : Z ϭ 2.93, p Ͻ 0.01) but significantly higher than the overlap between presentations of dim blue ( Fig. 5B ; Overlap Di/Br vs Overlap Di/Di : Z ϭ 2.93, p Ͻ 0.01). In the case of dim and bright green, the overlap between these two stimuli was significantly lower than that between different presentations of bright green ( Fig. 5C ; Overlap Di/Br vs Overlap Br/Br : Z ϭ 2.85, p Ͻ 0.01) but did not differ from the overlap between presentations of dim green ( Fig. 5C ; Overlap Di/Br vs Overlap Di/Di : Z ϭ 0.27, NS). These results show that light intensity clearly influences the number of activated pixels (Fig.  5A) . However, the fact that two presentations of either dim or bright light do not induce higher overlap indexes than that between a bright and a dim light (rather a lower index in the case of blue light, or a similar index in the case of green light) suggests that the activity evoked by dim stimuli is rather contained within the regions activated by the bright stimuli (Fig. 5 B, C) .
Effect of chromatic mixtures on AOTu activation
We then asked how intertubercle neurons process chromatic mixtures. When the bee eye is stimulated with a blue-green mixture, do these neurons process the monochromatic elements separately (elemental processing) or do they treat the mixture as an Figure 4 . Calcium-signals evoked by blue, green, and blue-green mixtures in the AOTu. Eight different chromatic stimuli were produced by means of blue-green dual-wavelength (430/565nm) LEDs. Right upper box: spectra of chromatic stimuli; monochromatic stimuli: dim blue (dim B), bright blue (bright B), dim green (dim G), bright green (bright G); mixtures: dim blue ϩ dim green (dim B ϩ dim G), bright blue ϩ bright green (bright B ϩ bright G), bright blue ϩ dim green (bright B ϩ dim G), and dim blue ϩ bright green (dim B ϩ bright G). All eight stimuli elicited calcium signals in AOTu intertubercle neurons (N ϭ 11 bees). Activation patterns (signals; ⌬R/R) evoked by each stimulus and the control, as well as global density maps (density) representing pixels activated by three presentations of each stimulus are shown for an example animal. The average time course evoked by three presentations of each of the eight chromatic stimuli is also shown for the same example animal. entity different from its elements (configural processing)? In other words, does the mixture activate a pattern resulting from the simple sum of component patterns or is it different from such sum? In other sensory modalities, like olfaction, mixturespecific interactions have been demonstrated in the form of a specific inhibition ("suppression") of the neural responses when two components are presented together (Duchamp-Viret et al., 2003; Deisig et al., 2006; Silbering and Galizia, 2007; Meyer and Galizia, 2012) . In such cases, the response of a given neural unit to a mixture is significantly lower than that to the strongest component, i.e., the component that induces highest activation of the unit. To evaluate possible chromaticmixture interactions in the AOTu, we used the response classification developed for studies on olfactory-mixture processing in the honey bee brain (Duchamp-Viret et al., 2003; Deisig et al., 2006 Deisig et al., , 2010 . Responses to each chromatic mixture and to the stronger of its two monochromatic components were systematically compared. The stronger component was defined as the component of the mixture inducing the highest number of activated pixels in the AOTu. The response to the mixture could be statistically higher than ("synergy"), equal to ("hypoadditivity"), or lower than ("suppression") the response to the stronger component.
As expected from the data presented above, green light was the strongest component in three of the four mixtures analyzed in this study ( Fig. 6A; dim B ϩ dim G; bright B ϩ bright G; dim B ϩ bright G; Z Ն 2.67, p Ͻ 0.01 in all cases). For the last mixture (bright B ϩ dim G), the number of pixels activated by blue and green was statistically equivalent (Fig. 6 A; Z ϭ 0.53, NS). For three chromatic mixtures (dim B ϩ dim G; bright B ϩ bright G; bright B ϩ dim G), clear suppression was observed, as responses to the mixture were significantly lower than those to the stronger component (Fig. 6 A; Z Ն 2.67, p Ͻ 0.01). Chromatic mixture suppression was so strong that for two of the mixtures (dim B ϩ dim G and bright B ϩ dim G), the response to the mixture was even lower than the response to the weaker component (Fig. 6 A; Z Ն 2.49, p Ͻ 0.02). For the mixture dim B ϩ bright G, in which the green component was especially strong, we observed hypoadditivity as the number of pixels activated by the mixture was equivalent to that activated by the stronger component (bright G vs dim B ϩ bright G: Z Ͻ 1.78, NS). We thus conclude that mixture processing in the AOTu is mostly characterized by suppression effects, except when the mixture has a strong green component, in which case hypoadditivity is observed.
Similarity between activity patterns of chromatic mixtures and their components
In addition to the kind of interactions that occur within a mixture, another important question is how mixture representation relates to component representation. To evaluate similarity relationships between activity patterns for each mixture and its components in the AOTu, we represented the overlap index for presentations of the same stimulus (Fig. 6 B-E, left; blue vs blue, green vs green, or mix vs mix) or of different stimuli (Fig. 6 B-E, right; blue vs green, blue vs mix, green vs mix). Generally, as observed above, the overlap between different presentations of the same stimulus followed the number of pixels activated by this stimulus (Fig. 6, compare A and B-E, left) . In only two cases, differences appeared among overlap indexes for presentations of the same stimulus. For the mixture dim B ϩ dim G (Fig. 6 B, left) , the overlap index for presentations of dim green was significantly higher than the overlap values obtained for presentations of dim blue or of the mixture (Friedman test: 2 ϭ 14.36, df ϭ 2, p Ͻ 0.01; Overlap G/G vs Overlap B/B :Z ϭ 2.32, p Ͻ 0.02; Overlap G/G vs Overlap Mix/Mix :Z ϭ 2.93, p Ͻ 0.01). For the mixture dim B ϩ bright G (Fig. 6 E, left) 2 ϭ 5.09, df ϭ 2, NS). When evaluating the overlap for different stimuli, we found two different types of similarity relationships between mixtures and components. For the three mixtures in which suppression was observed (dim B ϩ dim G, bright B ϩ bright G, bright B ϩ dim G), the overlap indexes between the mixture and each of its components (Fig. 6 B-D; Overlap B/Mix , Overlap G/Mix ) were both significantly lower than that between the blue and green components (Overlap B/G , Fig. 6 B-D; Friedman test: 2 Ն 9.45, df ϭ 2, p Ͻ 0.01; all multiple comparisons Z Ն 2.40, p Ͻ 0.02). This shows that activation patterns evoked by monochromatic blue and green lights were more similar to each other than to the activation pattern evoked by the blue-green mixture. Therefore, chromatic processing in the AOTu gave rise to a neural representation of the chromatic mixture that was difficult to predict from the representations of its components. This result supports the idea of configural processing of chromatic information in the AOTu.
For the fourth mixture, in which the green component was especially strong and hypoadditivity was found (dim B ϩ bright G; Fig. 6 A) , a different effect was observed: the overlap between , for the mixtures dim B ϩ dim G, bright B ϩ bright G, bright B ϩ dim G, and dim B ϩ bright G. The stronger component was defined as the component of the mixture inducing the highest number of activated pixels in the AOTu. Potentially, the response to a mixture could be statistically higher than ("synergy"), equal to ("hypoadditivity"), or (Figure legend continues.) the activation patterns of the stronger green component and the mixture (Overlap G/Mix ) was higher than the overlap between the patterns of the weaker blue component and the mixture (Fig. 6 E In other words, the representation of the mixture highly resembled the representation of the stronger component. In this example, chromatic processing would correspond to a more elemental strategy, since the representation of the mixture logically followed the respective strengths of the components.
Discussion
We performed the first optophysiological study of chromatic processing at a neural assembly level in the insect brain. Using in vivo calcium imaging, we analyzed the spectral response properties of interneurons in the honey bee AOTu and their possible involvement in chromatic processing. Stimulation with distinct monochromatic lights and chromatic mixtures induced different signal amplitudes, temporal dynamics, and spatial activity patterns in the AOTu intertubercle network. Although this approach cannot be directly compared with single-neuron analyses of chromatic processing (for review, see Menzel and Backhaus, 1991) , it provides the first quantification of the response characteristics of a central neuronal assembly downstream of the well characterized optic neuropiles medulla and lobula. Unlike singlecell recordings, our analyses reveal spatial response distribution and allow revealing complex interactions between neurons within the AOTu.
Temporal aspects of monochromatic processing in the AOTu
Monochromatic stimuli (UV, blue, and green) matching the three photoreceptor types of the bee retina elicited clear calcium signals in the dendritic arborizations of intertubercle neurons in the AOTu. However, the temporal dynamics of the signals recorded for the three monochromatic lights were different. Signals evoked by UV and blue lights typically presented an additional off-response component, while responses evoked by green light were generally phasic-tonic with a slow signal decrease after stimulus offset. This observation concurs with intracellular electrophysiological recordings of visual neurons in bees, in which temporal response characteristics differed according to the chromatic properties of the stimuli (Menzel, 1974; Kien and Menzel, 1977; Milde, 1988; Hertel, 1980; Yang et al., 2004; Paulk et al., 2008 Paulk et al., , 2009a . In the bee medulla and lobula, for instance, neurons present an "on-off" response to some colors, but a simple "on" response to others (Hertel, 1980; Yang et al., 2004; Paulk et al., 2008 Paulk et al., , 2009b . These different temporal responses are thought to facilitate color information processing using a smaller number of neurons (Dyer et al., 2011) . Temporal coding could be particularly advantageous for a small insect brain, in which neuron numbers are limited (Paulk et al., 2009b) .
The presence of off-responses to UV and blue light shows that some of the neurons in the AOTu network exhibit excitatory activity after UV or blue light offset. Individual neurons presenting postinhibition "off" responses in the bee brain frequently belong to the color-opponent neuronal category, characterized by differential excitatory and/or inhibitory interactions between two or more photoreceptor classes (Kien and Menzel, 1977; Riehle, 1981; Backhaus, 1991 , Chittka, 1992 Yang et al., 2004; Paulk et al., 2008 Paulk et al., , 2009a . Thus, the observation of "on-off" responses for UV and blue light in contrast to the simple "on" response to green light suggests the existence of color-opponent neurons in the AOTu intertubercle network.
Spatial representation of monochromatic stimuli in the AOTu
Optophysiological techniques are used to analyze the spatial distribution of neural activity in neuronal assemblies. Using conventional microscopy, we measured responses from multiple neurons of the mITT and vITTs over a volume of the AOTu, so that neurons at different depths could participate in the signals (Mota et al., 2011) . When different monochromatic stimuli were used, we found distinct activation patterns in the AOTu for UV and blue lights (Fig. 3) . This result can be explained by the fact that UV and blue lights were differentially represented in the two recorded AOTu subcompartments (Fig. 3C) . Significantly more pixels were activated by blue than by UV in the MU-DL (dorsal subcompartment), while more pixels were activated by UV than by blue in the MU-VL (ventral subcompartment). Thus, even though signal amplitude and the number of activated pixels did not differ between UV and blue stimulations, the patterns of activation induced by these colors were clearly spatially segregated. Our data thus point to different neurons responding to each of these two monochromatic stimuli and being differentially represented in the two major units. In contrast, green induced stronger and broader signals in both the dorsal and the ventral subcompartments of the MU, which strongly overlapped with both blue and UV signals. This experiment cannot distinguish between the same neurons being activated by blue (or UV) and by green, and different neurons responding exclusively to particular monochromatic lights but being located in the same areas. However, the monochromatic mixture experiments (see below) point to some neurons integrating information from different channels.
Using blue and green lights, we recorded stronger and spatially more widespread responses to bright stimuli than to dim stimuli, the spatial maps for dim stimuli being contained within those for bright stimuli. The stronger and broader signals to bright stimuli could be the product of the same neurons being more strongly activated than for dim stimuli and/or of additional neurons with a higher response threshold being recruited.
Photoreceptor distribution in the bee retina and chromatic processing in the AOTu Three types of ommatidia have been distinguished in the bee retina based on photoreceptor identity (Wakakuwa et al., 2005) . All of them contain six L receptors; type I contains additionally one S and one M receptor, type II contains two S receptors, and type III two M receptors. Each ommatidium also presents a basal ninth receptor (formerly described as an S receptor) whose exact sensitivity remains unclear (Wakakuwa et al., 2005) . Thus, the higher number of L receptors evenly distributed across the retina could be a reason for the wider activation area in the AOTu and the higher response amplitude in the case of green light (activating the L receptor) compared with UV (activating the S receptor) or blue light (activating the M receptor). Yet, the number of photoreceptor types cannot be the only criterion for explaining response differences to the three lights assayed. Because the ratio of stimulus intensities between bright blue and dim green was 2:1 (bright blue: 7.6 ϫ 10 Ϫ6 photons; dim green: 3.8 ϫ 10 Ϫ6 photons) and the number of pixels activated by these two stimuli was the same (Fig. 5A) , a ratio of 1 blue (M) receptor to two green (L) receptors (1:2) should be invoked to explain the similarity in activated pixel number if the effect was solely based on the proportion of photoreceptors. Such a receptor ratio does not, however, coincide with the true distribution of the three ommatidial classes described above, whose M to L photoreceptor ratios are 0:6, 1:6, or 2:6 (1:3) (Wakakuwa et al., 2005) .
Alternatively, the fact that L photoreceptors are moresensitive than S and M receptors (Menzel et al., 1986) could be considered as a more decisive factor explaining response differences to UV, blue, and green lights. However, this factor is also unlikely to explain the higher response amplitude to green light compared with UV and blue lights. As the response of photoreceptor cells increases linearly with a logarithmic increase of stimulus intensity over a certain range (V/logI function; Naka and Rushton, 1966; Menzel et al., 1986) , the 2:1 stimulus intensity ratio between bright blue and dim green cannot induce significant variations of photoreceptor activity and should not, therefore, determine similar numbers of activated pixels. It may be, therefore, that the logarithmic function relating stimulus intensity and cell response at the photoreceptor level is modified at the level of the AOTu, where light intensity influences the number of activated pixels (Fig. 5A ) but has no clear effect on the pattern of activation evoked by monochromatic stimuli. Transformation of the stimulus-response function may be a consequence of processing within the medulla and/or lobula.
Although the distribution of photoreceptors in the bee retina appears to be mostly random (Wakakuwa et al., 2005) , the anterior ventral region seems to be more densely populated by the bluesensitive M receptors while the dorsal rim area presents more S receptors (Wakakuwa et al., 2005) . Interestingly, the MU-VL of the honey bee AOTu is mostly involved in the processing of dorsal-eye information (Mota et al., 2011) . Here we found that in the MU-VL more pixels were activated by UV than by blue light, which might be related to the higher number of S receptors found in the dorsal region of the bee eye (Spaethe and Briscoe, 2005; Wakakuwa et al., 2005) . Conversely, the MU-DL of the honey bee AOTu strongly participates in ventral-eye information processing (Mota et al., 2011) . Accordingly, we found that the MU-DL was more activated by blue light, which might be related to the higher number of M receptors in the ventral eye region. Thus, the two major compartments of the AOTu seem to be involved in differential processing of information coming from distinct eye regions with a different distribution of photoreceptor types.
Chromatic interactions and suppressive effects in the AOTu network
For most of the blue-green mixtures, we found strong suppression, in which the chromatic mixture elicited a lower response than that elicited by its stronger component. Excitatory responses elicited by green were strongly suppressed by the addition of blue light in a blue-green mixture, discounting the possible argument that responses to blue-green mixtures would mainly reflect the expanded range of L-receptor sensitivity and the properties of the stimulating LEDs. Hypoadditivity was found in only one of four blue-green mixtures (dim B ϩ bright G). This shows that the observed suppressive phenomena reflect inhibitory interactions and that inhibition caused by blue over green decreases when green light becomes dominant. Interestingly, the off-response usually elicited by blue was also suppressed by the combination with green in a blue-green mixture. These suppressive and hypoadditive modulations observed in responses to blue-green mixtures concur with color-opponent theories and provide additional evidence for the existence of chromatic processing in the AOTu circuits. In addition, we observed that the overlap between activity patterns elicited by blue-green mixtures and their components was mostly lower than the overlap existing between the patterns elicited by the blue and green components (Fig. 6 A-C) . This result is clearly at odds with elemental theories of mixture processing, in which the mixture representation is predicted to be a linear combination of component representations (Deisig et al., 2006) . We thus conclude that chromatic mixtures evoke activity patterns that are better described by a configural processing strategy in which the mixture possesses novel characteristics distinct from those of the components (Pearce, 1987 (Pearce, , 1994 . Put simply, AOTu intertubercle neurons (or their inputs from the medulla or lobula) seem to integrate information from different photoreceptor channels in a nonlinear, suppressive, manner.
AOTu function
Most of the research on the AOTu has been performed in the locust, in the context of polarization vision (Homberg et al., 2003; Pfeiffer et al., 2005; Kinoshita et al., 2007; Pfeiffer and Homberg, 2007) . In this insect, a small AOTu compartment called the lower unit seems to be dedicated to polarization processing. Interneurons involved in chromatic processing have been characterized by means of intracellular electrophysiological recordings in the locust's AOTu (Pfeiffer et al., 2005 , Kinoshita et al., 2007 Pfeiffer and Homberg, 2007) . It was proposed that they are involved in the perception of spectral sky gradients, which combined with spatial processing of polarized sky light would allow a precise coding of solar azimuth (Pfeiffer et al., 2005 , Kinoshita et al., 2007 Pfeiffer and Homberg, 2007) . Honey bees also derive a navigation compass from color gradients available in the sky in addition to using a polarization-based compass (Menzel and Snyder, 1974; Wehner and Rossel, 1985) . Solar position is assimilated to green light while antisolar regions of the sky are assimilated to UV light (Wehner and Rossel, 1985) . Our results on chromatic processing in the AOTu are consistent with a role of this structure in navigation and spatial orientation. Intertubercle neurons in the MU-VL of the honey bee, which mostly process dorsal eye information (Mota et al., 2011) and are strongly activated by UV, may participate in the central processing of polarized UV light, thus allowing identification of the antisolar sky hemisphere (Wehner and Rossel, 1985) . Green-light processing both in the MU-VL and the MU-DL may encode spectral information directly related to the sun (Wehner and Rossel, 1985) . The fact that intertubercle neurons in the MU-DL, which mostly process ventral eye information (Mota et al., 2011) , are strongly activated by blue light is consistent with the higher proportion of M photoreceptors in the ventral part of the bee eye (Wakakuwa et al., 2005) and with an improved detection of targets in ventral eye regions based on contrast to M photoreceptors (Giurfa et al., 1999) . These hypotheses constitute starting points for future studies aimed at unraveling the function of AOTu in honey bees.
